THz optical properties of lithium borate (LBO) crystals were measured using time-domain spectroscopy (TDS). The LBO crystal samples were of high optical quality and were cut and polished along the 100 , 010 and 001 axes. Two independent measurements were performed in order to confirm the reproducibility and consistency of results. The contradictions in the previously published data on the THz optical properties of LBO were clarified. It was shown that the birefringence order at THz frequencies is n z < n x < n y , whereas at optical frequencies it is known to be n x < n y < n z . It was seen that n z , which has the highest value in the visible, has the lowest value at THz. This is explained in terms of ionic polarizability and is consistent with the fact that the THz absorption coefficient for a wave polarized along the Z-axis is more than an order of magnitude lower than for the X and Y axes. Absorption as low as 0.2 cm −1 was found at frequencies up to 0.5 THz for a wave polarized parallel to the Z-axis. A set of new dispersion equations was designed for the entire
Introduction
Lithium triborate LiB 3 O 5 (LBO) is an orthorhombic crystal belonging to the mm2 point symmetry group. In this work we use the convention labelling the optical axes as X, Y , Z, which in LBO are parallel to the principal crystallographic axes a, c, b [1] . LBO is a biaxial crystal which is known to have 5 negative birefringence in its main transparency window of 155-3200 nm, i.e. n x < n y < n z (where the subscript indicates the crystal axis which is parallel to the polarization of the propagating wave). It is non-hygroscopic and chemically stable, has a moderate melting point of 1107 K [1] , and Mohs hardness of between 6 and 7.2, allowing polishing with flatness up to λ/10 [2]. LBO is 10 highly transparent between 500-1200 nm, with the absorption coefficient below 10
−5 cm −1 [3, 4] . It has the highest surface damage threshold for laser radiation amongst all known nonlinear crystals, which is even higher than that of UV-grade fused silica [5] . The short wavelength of its transparency edge 
However, very little work has been published on the optical properties of LBO in the THz region, and there are no reports of THz applications. The only modeling data on normalized density of states in the 0-1500 cm −1 range is given in [6] . Some reflectivity and absorption spectra were published for 50-25 1800 cm −1 in [7] . Antsygin et al. [8] reported only two well-resolved dispersion curves (n x and n z ) as well only two absorption spectra (α x and α z ), omitting the data for the Y -axis, apparently due to the low resolution of the available THz-TDS system. The relationship n z > n x was found to be reverse to that seen in the visible. The measured birefringence was n z − n x = 0.35, and was 30 estimated to be insufficient for phase matched THz generation [9] .
Recently, a study aimed at verifying these results was performed on LBO crystals cut along the 100 , 010 and 001 axes [9, 10], using a TDS system at the National Physical Laboratory, UK, described elsewhere [11] . Optically finished samples of flux-grown LBO crystals were manufactured by the same
35
producer as for the previous study [8] , the Institute of Geology and Mineralogy SB RAS, Russia [4] . It was found that the birefringence order at THz frequencies was in agreement with that at optical frequencies -i.e. n x < n y < n z -and was therefore contrary to n z > n x reported in [8] . It was suggested that the result observed in [8] was occasioned by mistaken axis labeling. Moreover, the 40 largest measured birefringence was n z − n x = 0.42, rather than 0.35 as reported in [8] , which was ascribed to failure to observe the highest refractive index. The larger birefringence is particularly important because it places LBO amongst nonlinear crystals where phase matching is possible for down-conversion into the THz band. Both TDS systems used for the measurements were laboratory-built. The TDS used at NPL & US was the same as that employed in the previous study [9] , and was activated by a mode-locked Ti-sapphire laser with a center wave-75 length of 800 nm, pulse length of 20 fs, and average power of 400 mW. The system had been refurbished and improved by replacing some of the optical components, resulting in a greater measurement bandwidth than in [9] . The frequency resolution was 7.5 GHz, which was judged to be sufficient because the crystals lack absorption features. The TDS used by the IAE SB RAS was 80 activated by a frequency-doubled mode-locked Er laser with a center wavelength of 775 nm, pulse length of 130 fs, and average power of 100 mW. The THz emitter was a high power multi-slit dipole antenna iPCA-21-05-1000-800-h (Batop GmbH, Germany), which replaced the one used in the previous study [8] . The TDS operation range was 0.1-4 THz, and the frequency resolution of the mea- (ch.2):
where ω is the angular frequency, and E sam (ω) and E ref 
Results and discussion
Figure 2 plots the measured absorption coefficients α x,y,z , and refractive
100
indices n x,y,z ; values at selected frequencies are listed in Table 1 . Figure 2 shows three well resolved sets of data for the three crystal axes as measured by both IAE SB RAS and NPL & US, with the two sets of results being in good agreement in all cases. The most notable feature in Fig. 2a is that the birefringence order is confirmed to be n z < n x < n y , and is different from that 105 in the optical range which is n x < n y < n z , as shown in Fig. 3 . It is seen that n z , which has the highest value in the visible, has the lowest value at THz.
The previous THz data in [9] was found to have labelling errors in crystal axis assignment.
A different birefringence order in the visible and at THz is a highly unusual feature which may be explained by different magnitudes of electronic and ionic polarizabilities. The Lorentz-Lorenz relation gives the refractive index in terms of microscopic polarizability [14] :
where N is the number of molecules per unit volume and p is the atomic (or 110 molecular) polarizability. At optical frequencies the polarizability p is purely electronic, but at THz frequencies it is often augmented by the addition of ionic component [15] . The presence of a Reststrahlen band in the crystal absorption (or reflection) spectrum -as is the case for LBO -lying between the opti- the THz refractive index of such crystals to be higher than that in the visible.
In birefringent crystals, however, the order of birefringence commonly remains the same for the optical and THz regimes. In this respect LBO is highly unusual. The cross-over points where the refractive indices coincide, n z = n x and n x = n y , occur within the Reststrahlen band, where refractive indices ex-120 hibit anomalous dispersion due to phonon resonance absorption. The optical parameters in this region cannot be measured directly.
For LBO (mass density 2.474 g/cm 3 ), the molecular density is N = 1.25 × 10 22 cm −3 . Polarizabilities can be calculated from equation (4) and are shown in Table 2 . It is seen in Table 2 that the ionic polarizability component is 125 significantly lower for a wave polarized along the Z axis than for the X or Y axes. It is also of interest that whereas for the X and Y axes the electronic and ionic polarizabilities are similar, for the Z axis the ionic polarizability is significantly lower than the electronic. The low ionic polarizability along the Z axis is also consistent with the very low absorption z, since absorption in polar dielectrics is mediated by the Debye mechanism [15] . In Fig. 2 the absorption coefficient z is at all frequencies (in the measured THz range) more than an order of magnitude lower than x and y. It is as low as 0.2 cm −1 at frequencies up to 0.5 THz (similarly to that reported in [8] ). These differences in the dielectric response of LBO for waves polarized along the Z axis and those polarized along
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X or Y axes may be ascribed to the complexity and asymmetry of the LBO crystal structure.
Dispersion equations for the entire transparency range of LBO were designed by using those for the maximal transparency window from [1] combined with the experimental data in Fig. 2(b) , and by employing the procedure described the birefringence order at THz frequencies is n z < n x < n y , whereas at optical frequencies it is known to be n x < n y < n z . Whereas in the visible n z has the highest value, it is the lowest at THz frequencies. This is explained in terms of ionic polarizability and is consistent with the fact that the THz absorption 150 coefficient for a wave polarized along the Z-axis is more than an order of magnitude lower than for the X and Y axes. Absorption as low as 0.2 cm −1 was found at frequencies up to 0.5 THz for a wave polarized parallel to the Z axis. A set of new dispersion equations was designed for the entire transparency range.
LBO has the advantages of very high optical damage threshold, very low opti-155 cal losses in the visible, absence of multiphoton absorption, and good thermal, thermo-optical and mechanical properties [1, 3, 4, 5, 9, 10] , all of which make it an attractive crystal for nonlinear generation of THz radiation.
